these cells, which is likely to be crucial for neoblast biology and regeneration. We set out 23 to develop analytical and experimental tools for planarians to allow the study of 24 epigenetic marks in neoblasts and allow direct comparison of this model system with 25 other animals. 26
Results

27
We developed an optimized ChIP-seq protocol for planarian neoblasts that allowed us to 28 generate genome wide profiles for H3K4me1, H3K4me3 and H3K27me3. These were 29
found to correlate as expected with genome wide expression profiles from analyses of 30 planarian RNA-seq data. We found that many genes that are silent in neoblasts and 31 then switch in post-mitotic progeny during differentiation have both H3K4me3 and 32
H3K27me3 at promoter regions and are therefore bivalent. Further analysis suggested 33
that bivalency is present at hundreds of loci in the pluripotent neoblast population. 34 protein coding loci that are expressed at similar overall levels to previously annotated 140 protein coding genes that were also present in our annotation. These new annotations 141 were enriched for less well conserved proteins that may not be predicted by homology 142 based annotation. A total of 6,300 existing annotations were not present in our 143 expression driven annotation and further analysis of these MAKER specific genes shows 144 that they generally have no or very low potential expression within the 164 RNA-seq 145 libraries used for our annotations. (Additional File 2) 146
In summary, our annotation on the current planarian genome assembly shows regions of 147 active transcription detected by current RNA-seq and transcriptome data, defines many 148 more protein coding regions than currently available annotations and highlights a large 149 number of non-coding transcribed loci. Additionally, it facilitates a consistent comparison 150 specifically between bona fide transcriptional activity and the presence of post-151 translational histone modifications (ChIP-seq), allowing the relationship between 152 epigenetic regulation and gene expression to be studied. 153
154
A genome wide expression profile of FACS-sorted cell populations. 155
The ability to use FACS is a powerful experimental tool for working with S. mediterranea, 156
providing convenient access to NBs and other cell populations. A growing number of 157 studies have produced RNA-seq data for the different FACS cell populations that can be 158 differentiated by nuclear to cytoplasmic ratio [9, 10, 13, 21, 24] . Given the discrepancies 159 we uncovered between different studies that have taken this approach ( Figure 1B expression of all compartments for that locus (Additional File 4), obtaining a proportionalexpression value for a total of 27,206 annotated loci that had at least 10 reads mapped 173 in at least one FACS RNA-seq library, 18,010 of these are likely to be protein coding. 174
The advantage of this transformation is that instead of using independent absolute 175 expression values of the various samples, we can use the relationship among the three 176 cell populations in each sample. Given similar FACS gating settings, results should be 177 more consistent between labs despite any technical variations that affect absolute 178 expression levels. Hierarchical clustering of these proportional values showed a 179 consistent clustering of FACS samples by cell type, with good separation between 180 clusters (Additional File 4). We then combined all available FACS RNA-seq data to 181 reach one set of proportional expression values for each locus in our annotation. This 182 gave us a new robust expression metric to compare every transcriptional unit in the 183 genome across FACS cell compartments. 184
In order to achieve a visual representation of the data, we simply used a line to 185 represent each gene, colored according to the proportion of its total expression in each 186 of the three cell compartments. This allowed us to create genome wide expression 187 spectra as an intuitive visualization and analysis tool. Ontology(GO) enrichment analyses. We also identified enriched expression for genes 198 not previously called as differentially expressed due to low levels of absolute expression 199 in individual studies. An example of this is Smed-tert, the gene encoding the protein 200 subunit of telomerase [47] that is amongst the most enriched X1 genes by proportional 201 expression but does not appear in previous individual studies because of low absolute 202 expression ( Figure 3A) . We also used the ESCAPE database of human pluripotency 203 factors [48] and found 233 best reciprocal hits to S. mediterranea. Looking at the 204 expression of these genes we found them to be enriched in the X1/X2 expression 205
category (Additional File 5). 206
Taken together our analyses, using all publicly available data, define the transcribed loci 207 whose expression can be detected in planarian FACS compartments. As well as 208 defining absolute levels of relative expression, we represent data by proportion of 209 expression in each FACS compartment. This allows us to generate expression spectra 210 highlighting loci expressed disproportionately in G2/M stem cells, loci expressed 211 throughout the cell cycle, loci with most of their expression in transient differentiating 212
post-mitotic cells and those expressed mainly in post-mitotic differentiated cells. As our 213 annotations and expression data are in the context of the genome assembly these data 214 can be integrated with ChIP-seq data. 215
216
Expression spectra are supported by RNA-seq of RNAi phenotypes and single cell 217
sequencing analyses 218
As an independent confirmation of our annotation and expression data we re-examined 219 previously published RNA-seq after RNAi datasets and single cell RNA-seq data. For a 220 selection of genes described as being required for stem cell progeny maintenance 221 (Additional File 6) we visualized the RNA-seq profiles in relation to the defined FACS 222 expression categories ( Figure 2E ) and observed that down-regulation of highly enriched 223 X2 category genes was the main feature of both Smed-mex3 and Smed-zfp1 RNAi 224 datasets (Additional File 6). From this data, it is straightforward to conclude that both 225
Smed-mex-3 and Smed-zfp-1 have a collective effect on many genes that normally 226 switch on in NB progeny as they differentiate and leave the cell cycle, and this correlates 227 with the phenotypic effects of RNAi in both cases causing a depletion in stem cell 228 progeny as stem cell differentiation fails [9, 24] . This approach to analyzing RNA-seq 229 data is useful for identifying patterns in the global effects of RNAi. 230
Recently, two planarian single cell transcriptomic studies have also been used to define 231 expression profiles of single stem cells and other cell types [22, 23] . These have helped 232 to reveal heterogeneity of expression profiles in planarian stem cells and provide 233 persuasive evidence for the existence of cycling NB cells that might be committed to 234 particular lineages [23, 24] . We re-mapped available single cell RNA-seq data [22, 23] to 235 identify the the top one thousand genes ranked by expression for each cell type defined 236 by these two studies. We looked at the position of these genes along expression spectrasorted by X1 proportion (Additional File 6). The single cell data analyzed in this way 238 follows patterns we would expect and independently validates our proportional 239 expression spectra. For different NB populations defined by single cell studies (sigma, 240 gamma, zeta and head X1) we saw enrichment of genes in the X1 and X1/X2 categories 241 (Additional File 6). Differentiated cell types were enriched for genes in the Xins category. 242
However, all differentiated cell-types, with the exception of the 'epidermis II' class [22] , 243
have an enrichment of genes in the X2 category as these genes are amongst those with 244 highest absolute expression in all non-NB cell types, and thus appear amongst the top 245 1,000 expressed genes in single cell RNA-seq data. We noted that in this study, the total number of ChIP-seq reads from ~1 million X1 261 sorted planarian NBs were at relatively low numbers compared to those from Drosophila 262 S2 'carrier' cells, which were added at 10x excess to X1 NBs (Additional File 7). These 263 data suggested to us that ChIP-seq experiments with FACS sorted NBs might be very 264 technically challenging. 265
In order to begin to study epigenetic regulation of NBs, we first developed an optimized 266 protocol for ChIP-seq on FACS sorted X1 cells for H3K4me3 mark. Relatively high levels 267 of H3K4me3 have been shown to be broadly characteristic of active promoters [53, 54] . 268
We found we were able to generate 13-26 million high quality S. mediterranea uniquely 269 mapped reads using 150,000-200,000 X1 cells per immunoprecipitation, 5-7 times lessstarting material compared to the a previous planarian ChIP-seq study [52] . We 271 therefore used Drosophila S2 cells to act as a spike-in control for normalization of any 272 technical replicate differences in immunoprecipitation across samples [55, 56] . With an optimized ChIP-seq protocol, we decided to investigate two additional key 308 histone modifications, the repressive mark H3K27me3 important for the assessment of 309 bivalency [37,57] and H3K4me1 which has also recently been implicated as a repressive 310 mark at promoter regions, mediated by the MLL3/4 family of histone methyltransferases 311
We performed ChIP-seq on these two marks in X1 cells and observed ChIP-seq profiles 313 consistent with these marks being associated with repression of gene expression in 314 Thus, the peak of H3K4me1 shifts away from the TSS for genes that are actively 330 expressed and is consistent with observations of a previous study looking at H3K4me1 331 levels at promoters in mammalian cells [58] . The Spearman correlation of H3K4me1 332 signal and FACS proportional expression confirms these observations, showing a 333 positive correlation close to the TSS for Xins enriched loci and a negative correlation for 334 X1 enriched loci ( Figure 5D ). The relationship between H3K4me1 and X1 enriched lociis positive further downstream, at which position, we therefore conclude, this 336 modification does not broadly exert a repressive effect ( Figure 5D ). We noticed that for 337 X2 enriched genes H3K4me1 signal had two distinct peaks, one around the TSS and the 338 other downstream. This suggests two populations of loci, one with raised levels of 339
H3K4me1 near the TSS suggesting repression, and the another further downstream 340 suggesting an absence of repression involving H3K4me1 ( Figure 5D ). One clear 341 possibility is that the repressive peak near the TSS might be for genes that are off in 342
NBs and only switch in in post-mitotic progeny, while the other peak represents X2 343 enriched genes that are expressed in cycling NBs. We also checked individual loci of 344 genes known to be expressed in differentiated cells, and found they all had relatively 345 high levels of repressive marks at or near the predicted TSS and low levels of H3K4me3 346 
and suppressive marks we next investigated whether promoter of bivalency could be a 369 regulatory mechanism in NBs. Bivalent promoters were originally observed at genomic 370 loci for genes that were not expressed or expressed at very low levels in mouse ESCs 371
[37], and were surprising because they contain both activating
in NBs if they are present in these cells. We reasoned loci that have relatively low 382 expression in the X1 fraction and are up-regulated during differentiation and highly 383 enriched in post-mitotic progeny (high X2 expression) may be good candidates for 384 regulation by bivalent promoters in NBs. 385
We analysed the ChIP-seq signal as a continuous dataset by transforming the coverage 386 profile into percent coverage by dividing the coverage at each base by the maximum 387 coverage in the entire dataset. For each FACS category, we took the top one thousand 388 most enriched loci and plotted the percent coverage profiles of H3K4me3, H3K4me1, 389 and H3K27me3 to observe potential bivalency across all these loci. For the top one 390 thousand X1 enriched loci, we see the expected profiles of a high H3K4me3 peak and 391 low H3K27me3 peak ( Figure 6A ). We observe the opposite pattern for the top one 392 thousand Xins enriched loci ( Figure 6B ). For the top one thousand X2 enriched loci, 393 which are enriched for expression in post-mitotic progeny, we see similar percent 394 coverage peaks for both H3K4me3 and H3K27me3 across these 1000 genes, consistent 395 with potential bivalency in NBs at many of these promoters ( Figure 6C) . 396
As an independent source of validation, we also extracted all genes that were 397 significantly down-regulated more than 2-fold after Smed-mex3(RNAi), which blocks the 398 production of post-mitotic progeny. The ChIP-seq profile of these genes in X1 cells 399 shows a similar profile to that of the top one thousand X2 enriched loci and is also 400 indicative of potential bivalency ( Figure 6D) . Genes expressed in the X2 compartment 401 may stay on as cells differentiate so that they have an X2/Xins expression profile, some 402 of these genes may also have bivalent promoters. Analysis of this gene sets also 403 showed suggested some of these loci may be bivalent in X1 NBs ( Figure 6E in an ancestral animal. Our work suggests that bivalent promoters represent yet another 460 major conserved mechanism and this regulatory process is not, as previously thought, 461 vertebrate specific. As well as demonstrating bivalency, our work, through establishment 462 of an annotation framework and a robust ChIP-seq protocol for NBs, will allow the use of 463 planarians as a model for epigenetic regulation of stem cell function. For example, the 464 accessibility of the NB population should allow identification of regulatory targets ofchromatin modifying enzymes responsible for pluripotency, self-renewal and 466
proliferation. 467 468
Materials and methods 469 470
Data Sources for this study 471
The NCBI Project accession number for ChIP-seq data produced in this study is 472 
ChIP-seq 484
For each experimental replicate 600,000-700,000 planarian X1 cells (enough for Chip-485 seq of 3 histone marks and an input control sample) were FACS-sorted (using 3-day 486 regenerates) in PBS and pelleted at 4 ºC. The pellet was re-suspended in nuclei 487 extraction buffer (0.5% NP40, 0.25% Triton X-100, 10mM Tris HCl pH 7.5, 3mM CaCl2, 488 0.25mM sucrose, 1mM DTT, 1/10 th Phosphatase Cocktail Inhibitor 2 (Sigma Aldrich), 489
1/10
th Phosphatase Cocktail Inhibitor 3 (Sigma Aldrich)). This was followed by 490 formaldehyde fixation, that was stopped with 2.5M glycine. The pellet was re-suspended 491 in SDS lysis buffer (1% SDS, 50mM Tris HCl pH 8, 10mM EDTA) and incubated on ice. Protein A-covered Dynabeads (Thermofisher) were used for immunoprecipitation (IP) . 500
The amount of reagent used was in a 1:2 ratio to the amount of chromatin used per IP. 501
The Dynabeads were first pre-blocked with 0.5% BSA/PBS and re-suspended in 0.5% 502 BSA/PBS (2.5 times their original volume) containing 7 µg of antibody per IP. ChIP 503 grade antibodies used were anti-H3K4me3 (rabbit polyclonal; Abcam; ab8580), anti-504 H3K4me1 (rabbit polyclonal; Abcam; ab8895), anti-H3K27me3 (mouse monoclonal; 505
Abcam; ab6002). 506
After overnight incubation of the Dynabeads at 4 ºC, they were washed 3 times with 507 0.5% BSA/PBS and re-suspended in 0.5% BSA/PBS, matching their original volume. 508
1/4
th of the total chromatin was used for each IP, leaving a final 1/8 th for input control 509 libraries. The IP was done on a rotating wheel overnight at 4 ºC. 510
Post-IP washes were done 6 times with RIPA buffer (50mM HEPES-KOH pH 8, 500mM 511
LiCl2, 1mM EDTA, 1% NP40, 0.7% Sodium Deoxycholate, cOmplete protease inhibitors 512 -1 tablet per 50 ml). Beads were then washed in TE/NaCl (50mM NaCl in TE) and re-513 supended in Elution Buffer (50mM Tris HCl pH 8, 10mM EDTA, 1% SDS). Proteins were 514 separated from the beads via 15-minute incubation at 65 ºC on a shaking heat block 515 (1400 rpm). Supernatant and input samples underwent overnight heat-based de-516 crosslinking at 65 ºC. RNaseA (0.2 µg/ml) and Proteinase K (0.2 µg/ml) were used for 1 517 hour each in order to remove residual RNA and protein. DNA was purified with 518 phenol:chloroform extraction and ethanol precipitation. DNA was re-suspended in TE 519 and quantified with Qubit ds DNA HS kit (Thermo Fisher Scientific). The NEBNext Ultra 520 II (NEB) kit was used for library preparation. Manufacturer's instructions were followed. 521 Not all datasets contained all three X1/X2/Xins populations. The Reddien [24] and 561 Sanchez (accession: PRJNA296017) datasets only had two of the three populations. In 562 order to consolidate proportional expression values among all four datasets, pair-wise 563 ratios were first calculated for each dataset (X1:X2, X1:Xins, X2:Xins) using normalized 564 TPM values. These ratios were then averaged across the datasets. 565
Using two of the three ratios, we can calculate a predicted third ratio (i.e., given X1:X2 566 and X1:Xins, we can calculate X2:Xins). We then correlate the calculated proportion with 567 the actual proportion and kept the pairs of actual proportions (in this case, X1 and Xins) 568 that had the best correlation with the calculated proportion. Detailed methods are 569 recorded in an IPython notebook (Additional File 9). 570 571
Single cell RNA-seq analysis 572
Single cell RNA-seq data were downloaded from short-read archive [22, 23] . Reads were 573 pseudo-mapped with Kallisto and the TPM values were used for down-stream analysis. 574
Cell types of each RNA-seq library were previously defined in the respective publications 575 by both FACS (X1/X2/Xins) and by gene markers. 576
The top 1,000 expressed loci from each cell type cluster were used for generating the 577 spectrum density figure and ternary plots. representing the 100bp at the center of the sequenced fragment were parsed and 591 written to a BED file. 592
To generate coverage tracks in bedgraph format, the bedtools' genomecov function was 593 used. A normalization factor was calculated using the number of mapped reads 594 corresponding to the D. melanogaster spike-in [55, 56] . A scaling factor for the input 595
ChIP-seq libraries was calculated using the DeepTools [61] python API that utilizes theSES method [77] . Mean normalized coverage was calculated for each sample and input. 597 The normalized input coverage was then subtracted from the normalized sample 598 coverage to generate the final coverage track for downstream visualization and analysis. 599
The normalization process is detailed in an IPython notebook (Additional file 7) 600
To calculate correlation of ChIP-seq coverage to proportional expression, two vector of 601 values were used for a group of loci. The first vector is the proportional expression and 602 the second vector is the coverage at a position in the 5kb region of the loci. A spearman 603 correlation was performed on both vectors yielding a correlation value for the assayed 604 position. This correlation value was calculated for every non-overlapping 50 base pair 605 window in the 5kb region around the TSS. 606
For bivalency, a percent coverage was used instead of the absolute normalized 607
coverage. This was generated by calculating the maximum coverage across all 5kb 608 regions around assay loci. Each absolute coverage value across the loci is then divided 609 by the maximum coverage resulting in a percent coverage. 610
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